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The EphA4 and EphB1 receptor tyrosine kinases and ephrin-B2
ligand regulate targeted migration of branchial neural crest cells
Alexa Smith, Vicky Robinson, Ketan Patel and David G. Wilkinson
Background: During vertebrate head development, neural crest cells migrate
from hindbrain segments to specific branchial arches, where they differentiate
into distinct patterns of skeletal structures. The rostrocaudal identity of
branchial neural crest cells appears to be specified prior to migration, so it is
important that they are targeted to the correct destination. In Xenopus embryos,
branchial neural crest cells segregate into four streams that are adjacent during
early stages of migration. It is not known what restricts the intermingling of
these migrating cell populations and targets them to specific branchial arches.
Here, we investigated the role of Eph receptors and ephrins — mediators of
cell-contact-dependent interactions that have been implicated in neuronal
pathfinding — in this targeted migration.
Results: Xenopus EphA4 and EphB1 are expressed in migrating neural crest
cells and mesoderm of the third arch, and third plus fourth arches, respectively.
The ephrin-B2 ligand, which interacts with these receptors, is expressed in the
adjacent second arch neural crest and mesoderm. Using truncated receptors,
we show that the inhibition of EphA4/EphB1 function leads to abnormal
migration of third arch neural crest cells into second and fourth arch territories.
Furthermore, ectopic activation of these receptors by overexpression of ephrin-
B2 leads to scattering of third arch neural crest cells into adjacent regions.
Similar disruptions occur when the expression of ephrin-B2 or truncated
receptors is targeted to the neural crest.
Conclusions: These data indicate that the complementary expression of
EphA4/EphB1 receptors and ephrin-B2 is involved in restricting the
intermingling of third and second arch neural crest and in targeting third arch
neural crest to the correct destination. Together with previous work showing that
Eph receptors and ligands mediate neuronal growth cone repulsion, our findings
suggest that similar mechanisms are used for neural crest and axon pathfinding.
Background
The migration of cells from their sites of origin to particu-
lar destinations is a crucial aspect of pattern formation
during embryogenesis. This is exemplified by the neural
crest, cells that arise from the dorsolateral neural epithe-
lium and migrate along specific routes to contribute to
many tissues in the vertebrate embryo [1,2]. A striking
example is provided by trunk and branchial neural crest
cells, which migrate in streams that relate to a segmental
organisation of tissues. In the trunk of the chick embryo,
neural crest cells migrate only through the rostral half of
each somite [3], and this underlies the establishment of
the repeated pattern of dorsal root and sympathetic
ganglia [4,5]. Similarly, neural crest arising from the
hindbrain migrates in a segmental manner to contribute
to cranial ganglia and into the branchial arches [6,7],
where they differentiate into a distinct set of cartilages
and bones in each arch [8]. Transplantation experiments
indicate that the pattern of differentiation into skeletal
components has been specified prior to migration and
according to the site of origin along the rostrocaudal axis [9].
A molecular basis for this pre-patterning is provided by the
expression of distinct Hox genes in each stream of neural
crest [10] that specifies their rostrocaudal identity [11,12].
It is therefore important that neural crest cells with a
particular rostrocaudal identity migrate to the correct
branchial arch. Indeed, in the chick embryo, neural crest
segregates into three streams that have a specific relation-
ship with hindbrain segments (rhombomeres, r) and
branchial arches. Neural crest cells migrate from r2 to the
first arch, from r4 to the second arch, and from r6 to the
third arch [6,13], and are separated by crest-free regions
that may prevent intermingling between the cells destined
for different arches. This separation arises by apoptosis of
many r3/r5 neural crest cells [6], and by a targeted rostral
and caudal migration of r3/r5 cells that do not die to join
the streams arising from adjacent even-numbered
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rhombomeres [13,14]. However, such separation may not
be essential because, even when immediately adjacent,
branchial neural crest streams can remain discrete and
migrate to different destinations [6]. In Xenopus embryos,
for example, neural crest streams migrating into the
branchial arches are initially contiguous, yet do not inter-
mingle [15]. What guidance cues restrict the migration of
neural crest cells to the appropriate branchial arch?
In view of the effects of cell-adhesion molecules and the
extracellular matrix on cell migration, many studies have
examined whether these guide neural crest cells. Blocking
of specific adhesion or extracellular matrix molecules
arrests cranial neural crest migration (reviewed in [2,16]),
but there is no evidence that these molecules actively
guide cells rather than provide a permissive substrate for
migration. Specific glycoconjugates and glycoproteins are
more promising candidates, as their expression in the chick
trunk correlates with regions that are not permissive for
neural crest migration [17–19]; however, none is expressed
in a pattern that could mediate the segregation of branchial
neural crest streams. Further candidates for the regulation
of this cell migration are members of the large family of
Eph-related receptor tyrosine kinases [20–26] that are
expressed in subsets of branchial neural crest. Ligands for
these receptors, termed ephrins, are a family of polypep-
tides that are anchored in the plasma membrane either
through a glycosylphosphatidylinositol (GPI)-linkage or a
transmembrane domain (reviewed in [27–29]; we use the
new nomenclature [30] and indicate the name used in the
original reference in brackets). The finding that ephrins
are active when membrane-bound, but not in soluble form
[31], indicates that they are involved in cell-contact-depen-
dent signalling. Clues as to which receptor–ligand interac-
tions occur during development have come from studies
showing that the Eph receptor and ephrin families each
comprise two binding specificity classes [29,32]: the GPI-
anchored ephrins all bind to one group of receptors, and
the transmembrane ephrins all bind to a distinct set of
receptors; an exception is the EphA4 (Sek-1) receptor
which binds members of both classes of ligands.
Eph receptors and ephrins are expressed in a complemen-
tary pattern in a number of tissues, and functional analyses
have implicated this expression in the guidance of neu-
ronal growth cones to the correct target by a repulsion
mechanism in the retinotectal projection [33–36] and the
anterior commisure [37]. Complementary expression of
EphA4 receptor and its ligands also occurs in the hindbrain
and forebrain, but functional studies have not been able to
distinguish between roles in regulating cell identity or cell
movement [38,39]. As EphA4 is also expressed in specific
branchial neural crest cells [38,40], we analysed whether
this receptor might have a role in patterning of this cell
population. We report that the EphA4 and EphB1 (Elk)
receptors and ephrin-B2 (Htk-L/ELF-2), a ligand that
binds both of these receptors, have roles in targeting the
migration of third arch neural crest in the Xenopus embryo.
Results
Cranial neural crest migration in the Xenopus embryo
Morphological and fate mapping studies [15] show that
cranial neural crest of the Xenopus embryo segments into
three streams that migrate into specific branchial arches
(Figure 1a–c), and that there are differences in the
organisation of these cells compared with higher verte-
brates. Cranial neural crest is observed at early neurulation
(stage 13) as a distinct population of cells lateral to the
neural plate. By stage 16, the neural crest has formed three
premigratory groups, that between stages 19–22, start
migrating towards specific destinations: the first (most
rostral) stream around the eye and into the first arch, the
second stream to the second arch, and the third (most
caudal) stream to the third and fourth arches. During migra-
tion, the third neural crest stream splits into two parts, one
entering the third arch and the other the fourth arch. It has
been suggested that the neural crest streams are separated
by invaginations of the surface ectoderm that channel them
towards the correct destination [15]. To examine this, we
used two molecular markers to visualise cranial neural crest:
AP2, a marker of all cranial neural crest, and Krox-20, a
marker of neural crest migrating from adjacent to r5 into the
third branchial arch (Figure 1d; see also Figure 2f) [41].
Analysis of coronal sections revealed that, as cells start to
migrate, the second, third and fourth arch neural crest
streams were in contact with each other (Figure 1e), and
that there was no overt physical barrier between them until
the cells had migrated deep into the forming arches, where
they were separated by the pharyngeal pouches (Figure 1f).
This raises the question as to what mechanisms prevent
intermingling of the initially adjacent streams of neural
crest and guide them into specific branchial arches.
EphA4 and EphB1 are expressed in specific streams of
neural crest
EphA4 is expressed in r3 and r5 in the Xenopus embryo
hindbrain, and in neural crest adjacent to r5 destined for
the third arch [38,40]. In addition, before the onset of
neural crest migration, there was a stripe of expression
contiguous with presumptive third arch neural crest that
extended ventrally around the embryo (Figure 2a,j). This
latter domain appeared to correlate with the future
pathway of the neural crest cells that expressed EphA4,
and the analysis of sections revealed that expression
occurred in visceral mesoderm and at lower levels in endo-
derm (Figure 2d). By stage 23, during the migration of
neural crest, this expression had become restricted to a
narrow stripe at the border between the third and second
arch (Figure 2b) and had been downregulated in meso-
derm and upregulated in underlying endoderm
(Figure 2e). By stage 26, EphA4-expressing neural crest
cells had migrated into the third branchial arch (Figure 2c),
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and thus, like Krox-20 (Figure 2f), EphA4 was expressed
throughout the period of migration of these cells.
In screening for members of the Eph family in Xenopus,
we isolated a homologue of the EphB1 (Elk) gene and
found that its expression occurred in a subset of neural
crest. During neural crest migration, EphB1 expression
was detected in a domain broader than that of EphA4
(Figure 2g,h). This domain corresponded to neural crest
migrating towards the third and fourth branchial arches, as
well as mesoderm continuous with the expressing neural
crest that extends ventrally around the embryo (Figure 2i).
Simultaneous detection of EphA4 and EphB1 transcripts
(Figure 2k–m) revealed EphB1 expression (weaker
domain) extending caudal to EphA4 expression (strong
domain). By stage 27, after neural crest migration, high
levels of EphB1 expression were restricted to the fourth
and more caudal arches (Figure 2h and data not shown)
[26]. In summary, these data indicate that EphA4 and
EphB1 are expressed in overlapping subsets of branchial
neural crest, suggesting that these receptors mediate cell
interactions during neural crest migration. 
Expression of truncated EphA4 and EphB1 disrupts the
spatial restriction of branchial neural crest migration
We took a dominant-negative approach to analyse EphA4
and EphB1 function by injecting early embryos with RNA
encoding truncated receptors that lack the kinase domain.
Upon binding ligand, Eph receptors are activated  by a
clustering that leads to transphosphorylation of the cat-
alytic domain [31,42]. This activation can therefore be
blocked by the overexpression of a truncated receptor,
which also could sequester ligands such that they are no
longer available for binding to receptors. EphA4 and
EphB1 have overlapping but distinct specificities: EphA4
binds to GPI-anchored ligands and to two transmembrane
ligands, ephrin-B2 and ephrin-B3, whereas EphB1 binds
only to transmembrane ligands [29,32].
We injected RNA into one cell at the two-cell stage, such
that only one side of the embryo expressed truncated
EphA4 or EphB1 and the phenotype could be compared
with the control, uninjected side. As the overlapping expres-
sion of EphA4 and EphB1 could underlie cooperative or
overlapping roles, we compared the effect of expressing
truncated EphA4 or EphB1 and of co-expressing both trun-
cated receptors. We found no consistent difference in the
nature of the phenotype (Figure 3 and data not shown) or in
the proportion of affected embryos (75–85%) after expres-
sion of each or both truncated receptors. This is consistent
with each truncated receptor inhibiting both EphA4 and
EphB1 function, which could occur, for example, by the
sequestration of a ligand that activates both receptors.
Analysis of these embryos using Krox-20 expression as a
marker of third arch neural crest revealed defects in the
migration of these cells (58/71 embryos). At the onset of
migration, Krox-20-expressing neural crest cells were pre-
cisely adjacent to r5 on the uninjected side, whereas
expressing cells were also present adjacent to r6
(Figure 3a,b) or r4 (Figure 3c) on the side expressing trun-
cated EphA4, truncated EphB1, or both truncated recep-
tors. These data suggest that some Krox-20-expressing
neural crest cells have started to migrate abnormally in a
caudal or rostral direction. A similar abberant migration
was also observed using AP-2 as a marker of all branchial
neural crest (data not shown). At later stages, when Krox-
20-expressing neural crest was migrating directly towards
the third arch on the uninjected side (Figure 3d), a variety
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Figure 1
Restricted migration of branchial neural crest cells in Xenopus. (a) The
initial segmentation and (b,c) migration of streams of neural crest into
specific branchial arches (1–4). The third and fourth arch neural crest
streams segment during migration. Adapted from [15]. (d) Expression
pattern of AP-2 plus Krox-20 in a stage 25 Xenopus embryo revealed by
whole-mount in situ hybridisation. AP-2 is expressed in all branchial
neural crest (n1–n4: neural crest streams migrating into branchial arches
1–4), whereas Krox-20 expression is restricted to third arch neural crest
(see also Figure 2f), which therefore is stained more intensely. (e)
Section through dorsal region of migrating neural crest after detection of
AP-2 plus Krox-20 expression. The neural crest destined for the second,
third and fourth arches are adjacent. (f) Section through a more ventral
region of the embryo shown in (d). After migration deep into the
branchial arches, the streams of second, third and fourth arch crest are
now separated by the pharyngeal pouches of the endoderm.
of disruptions were observed on the side expressing trun-
cated EphA4 or EphB1. In some embryos, Krox-20-
expressing neural crest cells were present at ectopic
caudal locations and appeared to be migrating along the
spinal cord (Figure 3e). In other cases, ectopic cells were
observed in fourth arch and/or second arch territory, either
isolated from or contiguous with the third arch stream
(Figure 3f). In some embryos, it appeared that, after an
initial abnormal caudal migration, a stream of ectopic cells
was following the unaffected cells towards the correct des-
tination (Figure 3f). To confirm the location of ectopic
Krox-20-expressing cells and to compare the effects of
truncated receptors on third and second arch neural crest,
we analysed expression of EphA2 (Eck), a marker of
second arch neural crest and mesoderm (Figure 3g).
Double detection of EphA2 (weaker signal) plus Krox-20
(strong signal) revealed third arch neural crest cells migrat-
ing into second arch territory, whereas second arch crest
migration was unaffected (Figure 3h,i; compare with
Figure 3g). Further evidence that second arch neural crest
was not affected (84/84 embryos) was obtained by detec-
tion of EphA2 expression alone (Figure 3j), and by
sequential detection, first of second arch neural crest
(Figure 3k) and then of third arch neural crest, which is
affected in this embryo (Figure 3l).
An ephrin expressed in the second arch restricts neural
crest migration
These experiments indicate that the inhibition of EphA4
or EphB1 function leads to the migration of third arch
neural crest into territory that it does not normally enter.
These cells may have failed to perceive a guidance cue:
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Figure 2
Expression of EphA4 and EphB1 in the
branchial region. Whole-mount in situ
hybridisation was carried out to detect EphA4
and EphB1 expression during branchial neural
crest migration. (a–e) Expression pattern of
EphA4. (a) A stage 19 embryo shown in
dorsal–rostral view. Note the ventral domain
of EphA4 expression in the presumptive
branchial arch region coextensive with the
EphA4-expressing neural crest. (b) A stage
23 embryo shown in lateral view. EphA4-
expressing neural crest has started to migrate,
and the ventral domain has narrowed to a
stripe at the rostral margin of the third arch.
(c) A stage 26 embryo shown in lateral view.
EphA4-expressing neural crest has migrated
into the third branchial arch. (d) Coronal
section through the ventral domain of EphA4
expression in the presumptive branchial arch
region of a stage 19 embryo. Expression
occurs in visceral mesoderm, and at lower
levels in underlying endoderm. (e) Coronal
section through ventral EphA4 expression
domain in a stage 23 embryo. Expression is at
low levels in visceral mesoderm, and at higher
levels in a broader domain in the underlying
endoderm. (f) Krox-20 gene expression in a
stage 26 embryo. Expression in neural crest is
restricted to the third branchial arch. (g–i)
Expression pattern of EphB1. (g) At stage 25,
EphB1 expression occurs in migrating third
and fourth arch neural crest, and thus appears
as a broader domain than EphA4. Expression
also occurs in a ventral domain coextensive
with the neural crest; the border of the neural
crest is difficult to see because expression
occurs at similar levels in the ventral region.
(h) At stage 27, expression occurs in the
fourth and more caudal branchial arches. (i)
Section through stage 25 embryo. Expression
is detected in neural crest, visceral mesoderm
and endoderm. (j) Lateral view of EphA4
expression at stage 19 (see (a)), showing the
ventral EphA4 expression domain in more
detail. (k–m) Detection of EphA4 (strong
staining in neural crest) plus EphB1 (weaker
staining) expression during neural crest
migration at stages 23 (k), 24 (l) and 26 (m).
EphB1 expression extends caudal to EphA4
expression both in third arch neural crest and
in the ventral domain. Abbreviations: r3/5,
rhombomeres 3/5; n3/4, neural crest destined
for third/fourth arch; v, ventral expression
domain; fb, forebrain; cg, cement gland; pn,
pronephros; ec, ectoderm; m, mesoderm; en,
endoderm.
either a positive cue expressed along the third arch
pathway, or a negative cue that prevents migration into
adjacent pathways. As both receptors can bind to trans-
membrane ephrins [29,32], we analysed whether any of
these are expressed in the cranial region during neural
crest migration. We isolated a Xenopus homologue of ephrin-
B2 (Htk-L/ELF-2), a ligand that can bind to both EphA4
and EphB1 [29], and found that expression occurs in r2, r4
and r6 (as for the mouse homologue [43]), in second arch
neural crest, and in mesoderm along the presumptive
migration pathway of this neural crest (Figure 4a–c). The
double detection of ephrin-B2 plus EphA4 showed that the
receptor-expressing third arch crest and ligand-expressing
second arch crest were initially in contact with each other
(Figure 4d,e), and then separated during migration into the
forming arches (Figure 4f,g). In the hindbrain, neural crest
and mesoderm, therefore, expression of this ligand is com-
plementary and adjacent to that of the receptors with
which it can interact.
After the inhibition of EphA4 or EphB1 function, third
arch neural crest sometimes enters second arch territory.
This raised the possibility that ephrin-B2 acts to restrict
the rostral migration of this neural crest, so we examined
the effects of the widespread expression of ephrin-B2;
such expression would cause third arch neural crest cells
to interact with ephrin-B2 from all directions rather than
unidirectionally at the interface of second and third arch
neural crest. After the injection of RNA encoding ephrin-
B2, there were disruptions to the migration of Krox-20-
expressing neural crest (60/84 embryos). At the early
stages of migration, ectopic cells were observed rostral
and/or caudal to the third arch stream (Figure 5a,b), and
isolated ectopic cells were observed subsequently in
second and fourth arch territory (Figure 5c,d). Compared
with the effects of truncated receptor, the overexpression
of ephrin-B2 led to many more isolated ectopic cells, and
in some cases the main stream of third arch neural crest
cells appeared abnormal in shape. To examine whether
these effects were specific to third arch neural crest, we
analysed EphA2 expression as a marker of second arch
crest. The detection of EphA2 plus Krox-20 expression
revealed that the stream of second arch neural crest
appeared normal whereas there were disruptions to third
arch neural crest migration (Figure 5e,f), and no defects
in second arch neural crest were observed (48/48
embryos) after analysis of EphA2 expression alone
(Figure 5g,h).
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Figure 3
Effects of expressing truncated EphA4 and
EphB1 on third arch neural crest. RNA
encoding truncated EphB1 (a), EphA4 (b,e) or
a mixture of these RNAs (c,f,h–l) was
microinjected into one cell of two-cell stage
Xenopus embryos. The embryos were allowed
to develop to stage 21 (a–c), or stages 23–25
(d–l), then fixed and in situ hybridisation carried
out. (a–c) Dorsal views of flat mounted
embryos, with the injected side to the right in
(a,b), and on the left in (c). (d,g) Uninjected
side of injected embryos. (e,f,h–l) Injected side
of embryos. Krox-20 gene expression was
detected as a marker of third arch neural crest
(a–f), Krox-20 plus EphA2 (Eck) to detect third
arch (stronger signal) plus second arch
(weaker signal) neural crest (g–i), or EphA2
alone (j). Krox-20-expressing neural crest cells
were observed in ectopic locations; the extent
of this disruption varied between embryos
within an experiment and between different
batches of embryos. To further analyse whether
second arch neural crest was affected in
embryos in which third arch crest migration
was disrupted, DIG-labelled EphA2 probe (k)
then fluorescein-labelled Krox-20 probe (l)
were detected sequentially. The second arch
stream is normal, but ectopic caudal third arch
crest cells are detected; the appearance of this
embryo has changed due to loss of
pigmentation during processing. The white
arrows indicate a normal restricted stream of
third arch (n3) and second arch (n2) neural
crest, and the black arrows indicate cells
present in abnormal locations.
EphA4/EphB1 and ephrin-B2 function are required in
neural crest cells
As EphA4, EphB1 and ephrin-B2 are expressed in branchial
arch mesoderm as well as in neural crest, it was possible
that the defects in neural crest cell migration were sec-
ondary to the disruption of a mesodermal function. This
seemed unlikely to explain the early defects in which there
was abnormal intermingling of third arch crest into second
and fourth arch neural crest, however, because these cells
are not in contact with mesoderm at this stage. To test this
further, we targeted the expression of truncated receptors
or of ephrin-B2 by microinjecting individual blastomeres at
the 32-cell stage. We injected the A1/A2 blastomeres —
which make a major contribution to cranial neural crest,
but do not contribute to mesoderm [44,45] — and analysed
Krox-20 expression during crest migration. Krox-20-
expressing cells were found rostral and caudal to the third
arch stream after expression of truncated receptors
(Figure 6a–f), and ectopic expressing cells were also found
after targeted expression of ephrin-B2 in neural crest
(Figure 6g–h). These data indicate that disruption of
receptor–ligand interactions in neural crest leads to defects
in third arch neural crest migration.
Discussion
The role of EphA4, EphB1 and ephrin-B2 in neural crest
migration
The effects of expressing ephrin-B2, truncated EphA4 or
truncated EphB1 suggest that the complementary expres-
sion of the ligand and receptors (Figure 7) is involved in the
targeted migration of third arch neural crest cells. This
could involve direct effects of receptor activation on migra-
tory behaviour, such as collapse of filopodia and repulsion
[46], and/or modulation of adhesive interactions [47] that
renders second arch territory less permissive for third arch
neural crest cell migration. The restricted migration of third
arch neural crest is disrupted when the expression of ligand
or truncated receptors is targeted to the neural crest, indi-
cating a role in segregating second and third arch neural
crest while they are in contact prior to and during early
stages of migration. The crucial events occur at the border
between the second and third arch neural crest, where cells
expressing EphA4 and EphB1 only receive a contact-medi-
ated signal from the rostral side that restricts them from
entering the second arch. In a similar manner, the expres-
sion of ephrin-B2 in second arch mesoderm could con-
tribute to the correct migration by restricting the entry of
third arch neural crest. Thus, the inhibition of EphA4 and
EphB1 activation prevents cells from perceiving the signal,
whereas the overexpression of ephrin-B2 masks the normal
directionality of the signal and may lead to an abnormal
mutual repulsion of receptor-expressing cells.
Our findings account for the rostral restriction of third arch
neural crest, but not the caudal restriction of these cells, or
the targeted migration of other neural crest streams. As the
expression of ephrin-B2 or truncated receptor often leads
to caudal migration of third arch neural crest, this may be
masking a directional cue provided by another ligand for
EphA4 expressed in the fourth arch neural crest. It will
therefore be important to ascertain whether a ligand for
EphA4 is expressed in fourth arch neural crest, and simi-
larly whether other Eph receptors and ligands regulate the
targeted migration of first and second arch neural crest. As
transmembrane ephrins can themselves transduce signals
[48,49], and may mediate repulsion of ligand-expressing
axons by receptor-expressing cells [37], ephrin-B2 could
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Figure 4
Expression of Xenopus ephrin-B2. (a–c) Expression of ephrin-B2 in
stage 21 (a,b) and stage 26 (c) Xenopus embryos. Transcripts are
detected in the eye, r2, r4 and r6, in neural crest migrating to the
second branchial arch, and in a ventral domain coextensive with this
neural crest. A coronal section through this ventral domain (b) reveals
expression in mesoderm. (d–g) Double detection of ephrin-B2 plus
EphA4 expression. At stage 21 (d,e), the expression domains in
second and third arch crest are contiguous with each other, and by
stage 24 (f,g), the migrating cells have become separated as they
enter the forming branchial arches. Abbreviations: e, eye; others are as
in the Figure 2 legend.
transduce a repulsion of second arch neural crest by third
arch neural crest. This predicts that widespread expres-
sion of the extracellular domain of EphA4/EphB1 would
ectopically activate such signalling, but since we have not
observed effects on second arch neural crest migration,
there is currently no evidence for this possibility.
The observation that ephrin-B2 is expressed in second
arch mesoderm prior to neural crest migration provides
evidence for a preformed pathway that restricts the migra-
tion of neural crest cells, but it is less evident why EphA4
and EphB1 are expressed in the mesoderm of the adjacent
arch. An interesting possibility is that, as for neural crest,
the complementary expression of interacting receptor and
ligand is involved in a restriction of cell movement.
Repulsion of mesoderm cells expressing EphA4/EphB1
by those expressing ephrin-B2 could therefore stabilise
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Figure 6
Effects of targeted expression in neural crest. RNA was injected into
the A1 or A2 blastomeres of 32-cell embryos in order to target
expression of ephrin-B2 or truncated receptors to ectodermal
derivatives, including branchial neural crest. Krox-20 expression was
then detected by in situ hybridisation (blue signal). In some
experiments, fluorescein-dextran was co-injected as a lineage tracer
and detected using alkaline-phosphatase-conjugated, anti-fluorescein
antibody and Fast Red substrate (red signal in (e–h)). (a–f) Embryos
injected with RNA encoding truncated EphB1 plus EphA4 shown in
lateral views (a–e) and in a coronal section (f) through the embryo
shown in (e). The latter embryo has some non-specific staining that is
often seen using Fast Red substrate. (g,h) Embryo injected with RNA
encoding ephrin-B2 shown in a lateral view (g) and coronal section (h).
Ectopic Krox-20-expressing cells are indicated by black arrows, and
the lineage tracer in branchial neural crest by white arrows.
Figure 5
Effects of overexpressing ephrin-B2 on neural crest migration. RNA
encoding ephrin-B2 was injected into Xenopus embryos at the two-cell
stage, which were later fixed and in situ hybridisation carried out to
detect second and third arch neural crest markers. (a,b) Embryos fixed
at stage 20 and analysed with a Krox-20 probe. (c,d) Embryos fixed at
stage 24 and analysed with a Krox-20 probe. (e,f) Embryos fixed at
stage 20 and analysed with Krox-20 plus EphA2 probes. (g,h)
Embryos fixed at stage 24 and analysed with an EphA2 probe. Ectopic
Krox-20-expressing cells (black arrows) are detected caudal and/or
rostral to the third arch neural crest stream (n3), which is often
abnormal in shape. In contrast, the second arch crest (n2) marked by
EphA2 expression appears normal. In some embryos (e), there was a
gap between the third and second arch neural crest which could
reflect a narrower stream of third arch crest cells.
the ephrin domain that is later used as a guidance cue for
migrating neural crest cells. A similar situation could also
occur elsewhere, as ephrin-A5 (AL-1/RAGS) and ephrin-
A2 (ELF-1) are expressed early in the midbrain [50], long
before they are used as guidance cues for retinal axons
[33,34]. Receptors that interact with these ligands are
expressed in precisely adjacent regions [29], consistent
with a role in restricting cell mixing and stabilising gene
expression domains in the midbrain.
A general role of Eph receptors in regulating cell and axon
movement?
In the trunk of the chick embryo, neural crest cells
migrate only through the rostral half of each somite [3],
and this restriction is due to the presence of repulsive cues
in the caudal half of somites [19]. Recent work has impli-
cated Eph receptors and ephrins in this repulsion [51,52].
Eph receptors that are expressed in trunk neural crest can
interact with a transmembrane ephrin that is expressed in
the caudal half of somites. In vivo blocking experiments
and in vitro assays of neural crest migration on stripes of
ligand indicate that the ephrin restricts cell migration by a
repulsion mechanism. An important finding is that, as
observed in stripe assays of growth cone guidance [53], the
rate of cell migration is not slower on a ligand-containing
substrate, but when presented with alternating stripes
with or without ligand, cells are found preferentially on
the latter. This argues that rather than the ephrin acting to
block migration, the receptor-expressing cells receive a
directional repulsive cue when, at a boundary, one face of
the cell interacts with ligand.
Taken together with our findings, these data indicate that
similar mechanisms are used to segment branchial and
trunk neural crest, with a transmembrane ephrin acting as
a repulsive cue. In both the branchial and trunk region, an
ephrin is expressed in mesoderm that receptor-expressing
neural crest does not enter, but a significant difference is
that only in the branchial region does complementary
ephrin expression occur within the neural crest. This may
be associated with the requirement to segment and
restrict mixing between adjacent populations of premigra-
tory branchial neural crest that already have a distinct ros-
trocaudal identity, whereas trunk neural crest may not
have this early positional specification.
Studies of the role of Eph receptors and ephrins in the
pathfinding of neurons suggest an intriguing parallel with
neural crest cell migration. Ephrins trigger a collapse of the
growth cones of receptor-expressing retinal neurons [34]
and motor axons [51] that may involve regulation of the
actin cytoskeleton. Time-lapse studies of migrating neural
crest cells have shown that they extend filopodia that col-
lapse upon touching a cell that is inhibitory for their migra-
tion [46]. This raises the possibility that common
mechanisms involving regulation of the cytoskeleton by
Eph receptors and ligands underlie the targeted migration
of neurons and neural crest cells. It will therefore be impor-
tant to identify the intracellular targets of activated Eph
receptors and elucidate how they are linked to changes in
cell behaviour.
Conclusions
We have shown that the EphA4/EphB1 receptors and an
interacting ligand, ephrin-B2, are expressed in third arch
and second arch neural crest plus mesoderm, respectively.
These receptors will therefore interact with membrane-
bound ligand at the interface between these cell popula-
tions. After blocking or ectopic activation of these
receptors, third arch neural crest is found to migrate into
adjacent territories. These data indicate that the comple-
mentary expression of Eph receptors and ligand is involved
in restricting the intermingling of third and second arch
neural crest and in targeting third arch neural crest to the
correct destination. Together with studies showing that
Eph receptors and ligands mediate neuronal growth cone
repulsion, our findings suggest that similar mechanisms are
used for neural crest and axon pathfinding.
Materials and methods
Cloning and sequencing of receptors and ligands
Xenopus orthologues of EphB1 and ephrin-B2 were isolated in low
stringency screens of a neurula-stage Xenopus cDNA library. After sub-
cloning into Bluescript, sequencing was carried out by the chain termi-
nation method. The sequence of the 5′ 800 bp of Xenopus EphB1 was
identical to the clone reported previously [26]. Partial sequencing of
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Figure 7
A model of restricted migration of neural crest to the third arch. The
diagram depicts the expression domains of ephrin-B2, EphA4, and
EphB1 in hindbrain segments, branchial neural crest and mesoderm.
Ephrin-B2 is expressed in second arch neural crest and mesoderm,
adjacent to EphA4/EphB1 in third arch neural crest and mesoderm.
Receptor–ligand interactions occur only on the rostral side of
EphA4/EphB1-expressing cells at the rostral border of the third arch
stream that are in contact with ephrin-B2-expressing neural crest or
mesoderm. The disruptions to targeting of third arch crest after
inhibiting or activating receptors suggest that receptor–ligand
interactions restrict third arch neural crest from migrating into second
arch territory.
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Xenopus ephrin-B2 cDNA revealed that it encoded a transmembrane
ligand with 84% amino acid sequence similarity (72% identity) to
mouse ephrin-B2.
In situ hybridisation
Whole-mount in situ hybridisation was carried out as described [38].
The Xenopus Krox-20, AP-2 and EphA4 probes have been described
previously [38,41]. The Xenopus EphA2 probe was a 1.7 kb fragment
corresponding to the cytoplasmic domain of the receptor protein. The
Xenopus ephrin-B2 probe was a 0.6 kb fragment corresponding to the
carboxy-terminal portion of the extracellular domain and the transmem-
brane and cytoplasmic domains.
Generation of RNA and microinjection of Xenopus embryos
The construct in SP64TK vector encoding truncated EphA4 has been
described previously [38]. A fragment of EphB1 that encodes the full
extracellular and transmembrane domains, with the cytoplasmic domain
truncated at amino acid residue 630 [26] was cloned into SP64TK. The
full-length coding region of ephrin-B2 was cloned into SP64TK. RNA
was transcribed from these constructs and microinjected into Xenopus
embryos as described [38] into single blastomeres at the 2-cell or 32-cell
stage. As a control for any non-specific effects of injecting RNA, we
injected embryos with RNA encoding β-globin; the phenotypes
described in the text were not observed in these. To ascertain which cells
had received the injected RNA, rhodamine-conjugated dextran was co-
injected as a lineage tracer. In some experiments, single blastomeres of
32-cell stage embryos were co-injected with fluorescein-dextran. After in
situ hybridisation analysis and colour development with NBT/BCIP, this
lineage tracer was detected using alkaline phosphatase conjugated anti-
fluorescein antibody followed by colour development with Fast Red.
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